A high-power multistripe diode-laser array has been used to pump miniature zigzag slab oscillators of Nd:YAG and Nd:glass. With Nd:YAG we have demonstrated output at 1.06 ,m of 70-kW peak power and 585-mW average power with an electrical-to-optical efficiency of 4%. In this experiment the Nd:glass lasers were limited to 160-mW average power and less efficiency than the Nd:YAG. The differences between these materials are discussed.
Progress in the development of high-power diode lasers and diode-laser arrays has renewed interest in diode-laser pumping of solid-state lasers. Recent research has shown that diode lasers offer many advantages in the pumping of Nd-doped crystals, 1 -3 Nd:glass, 4 and other ions in crystalline hosts. 5 ' 6 Most of the research has concentrated on end-pumped devices that take advantage of the high brightness of single-stripe diode lasers or small linear arrays to achieve low thresholds and high slope efficiencies. Although these devices are compact and efficient, they do not scale well to large sizes and high pump powers.
We have used a two-dimensional diode-laser array developed by Spectra Diode Laboratories to investigate the side pumping of slab lasers. The AlGaAs diode-laser array consists of an assembly of 13 laser bars mounted on 10-mm-long plates and stacked to create a 4 mm by 10 mm emission region. 7 ' 8 A peak pulsed-power output of 380 W was produced with a drive current of 60 A at an electrical-to-optical conversion efficiency of 24%. By cooling the array to 15'C the center wavelength of the emission was shifted to 807 nm, within the absorption bands of Nd in YAG and glass. 3 The diode-array emission spectral width was 10 nm.
We chose to examine laser slabs of both Nd:YAG and Nd:glass for these side-pumped laser experiments because the crystalline and glass host media have different advantages. Nd:YAG has a high gain cross section, while Nd:glass has a high energy storage density. Nd:glass has a lower intrinsic loss at the laser wavelength and has broader absorption bands at the diode-laser wavelengths than Nd:YAG. In addition Nd:glass can incorporate higher Nd doping levels than Nd:YAG and thus has shorter pump absorption lengths. Zigzag optical path slabs 9 -11 were used instead of rods because the zigzag geometry leads to a geometric averaging of the nonuniform gain profile caused by exponential absorption of the pump radiation. Slabs also permit direct, efficient pumping by a two-dimensional array. Finally, the high average power capabilities of slab lasers, with demonstrated reduced thermal focusing and birefringence compared with rods, are well known.
We fabricated slabs of 0.7% doped Nd:YAG and of 3, 6, and 8% doped LHG-5 Nd:glass. The slabs were designed to oscillate with three internal reflections per pass and with an entrance angle close to Brewster's angle to minimize loss. To match the diode-array area and the pump absorption depths, the Nd:YAG slab was 4.6 mm thick, 31 mm long, and 6 mm wide, while the more strongly absorbing Nd:glass slabs were 2 mm thick, 14.5 mm long, and 6 mm wide.
The pumping geometry is depicted in Fig. 1 into the laser volume, 71 is the efficiency of absorption in the laser volume, Mlaser is the laser frequency, wpump is the pump frequency, wlaser/wpump is the laser-topump quantum defect, nt is the efficiency of the transfer from the excited state to the upper laser level, qf is the effect of fluorescence decay (for Q-switched operation), alaser is the laser mode area, apumped is the area pumped by the diode array, alaser/apumped is the laser mode-fill factor, T is the outcoupler transmission, L is the fixed resonator loss, and T/(T + L) is the ratio of outcoupling to loss in the resonator (T, L << 1).
Using the data for flslope versus << T to fit this equation, we can derive estimates of the fixed loss L and the laser storage efficiency flstorage, which we define by damped. Nd-laser oscillation ceases about 30 Msec after the diode pump pulse is complete.
At a pulse-repetition rate of 10 Hz, Nd-laser output power was measured for free-running stable multipletransverse-mode oscillation with outcouplers of 0.6, 1.5, 5.7, and 10% transmission. Table 1 displays the results of these measurements for both the Nd:YAG and the Nd:glass lasers. The maximum recorded pulse energies are displayed with the optimum outcoupling and the slope efficiency for that outcoupling. Laser slope efficiency is defined as the ratio of the change in the Nd-laser output energy to the change in the laser-diode-array optical energy. The slope efficiency, 7lslope) is given by 7lslope = n1cn7a(wOlaser/wpump)n1tn7f(alaser/apumped)[T/(T+L)], (1) where flc is the efficiency for pump radiation coupling These estimates for each laser are included in Table 1 .
The higher cavity loss of 8% for the Nd:YAG slab compared with 1% for Nd:glass is due both to the longer path length in that slab and to Nd:YAG's higher intrinsic loss. We independently measured the single-pass loss through the Nd:YAG slab at 1.06 gm as 3 i 1%, which agrees with the single-pass loss estimate of 4 ± 1% derived from the laser-oscillation data presented in Fig. 3 .
Our measurements of diode power absorption and
Diode-array-pumped Nd:YAG slab oscillator poor fill factor for the oscillating modes in the thinner and lower-gain Nd:glass lasers. The introduction of even a small loss into higher-order modes by clipping at the slab aperture has prevented the modes from oscillating. To verify this assumption we tried a new cavity with a smaller mode size. The small mode size should permit higher-order spatial modes to oscillate and result in a better fill factor for the Nd:glass slabs.
A 10-cm radius-of-curvature concave high reflector 14 cm away from a 5-cm radius-of-curvature outcoupler was used to give a TEMoO mode waist radius of wo = 0.09 mm. Unfortunately our mirror selection was limited to only 0.6 and 1.0% transmission. The 8% Nd:glass slab oscillation measurements in this new cavity gave a storage-efficiency estimate of 41%, similar to the 42% observed in the YAG. However, a higher loss of 2.5% in this resonator resulted in no increase in the total output energy per pulse. These results indicate that the maximum possible storage efficiencies for Nd:YAG and Nd:glass were greater than 40%.
To increase the average power output, the repetition rate of the diode-array pump was increased from 10 to 50 Hz, which yielded an increase in average diode optical power from 0.76 to 3.8 W. Cooling of the Nd laser was accomplished through heat conduction into a copper slab mount or into the diode array. The diode array is coupled by a thermoelectric cooler to a heat sink with a cooling fan. The thermoelectric current was increased with increasing diode repetition rate up to 40 Hz to keep the diode temperature at 15 0 C and the emission wavelength near 807 nm. The Nd:glass lasers of both 6 and 8% doping reached a maximum output, at 30 and 25 Hz, respectively, of 160 mW, which then decreased with increased repetition rate. We believe that this occurred because the slab temperature rose and induced lower-level absorption loss. Mounting the Nd:glass slabs onto an actively cooled backplate should allow their average power limit to be increased. The small thermally induced loss had less effect on the Nd:YAG system because of its higher gain. Output power from the Nd:YAG laser increased linearly with the input power until the thermoelectric cooler limit forced the diode array to increase in temperature and tune off the Nd:YAG absorption resonance. The maximum, average power output at 1.06
Itm for Nd:YAG was 0.59 W for 3.80-W diode-laser optical power input.
We inserted an electro-optic KD*P Q switch into the Nd:YAG slab resonator in the 3-in high reflector, flat 10% transmitting cavity. The extra Q-switch loss reduced the free-running output from 13.0 to 7.5 mJ per pulse for 76-mJ diode input at a 10-Hz repetition rate. Q switching produced 5.0-mJ pulses of 70 nsec FWHM or greater than 70-kW peak power. The scaling of these lasers to higher average power and gain should be straightforward. The present limits on these devices are the pump area and the pump power density. Increasing the pump area or power density should lead to slope and extraction efficiencies approaching 40% until a limit set by amplified spontaneous emission and parasitic oscillation is reached. Improvements in the pump power densities are possible, even with existing arrays, by using double-sided pumping or by overlapping the pump beams from several offset diode arrays." 1 The low pump-to-laser quantum defect for diode pumping at 807 nm results in a smaller ratio for (the energy deposited as heat/ the energy deposited to laser storage) than for flash-lamp pumping of solid-state lasers. Therefore for thermally limited laser operation the average laser power of a diode-pumped device could be more than twice that of an equivalent flash-lamp-pumped system.
In conclusion, large-area diode arrays configured as multistripe bars in series have been built and used as efficient pump sources for solid-state slab lasers. Both Nd:YAG and Nd:glass have laser storage efficiencies greater than 40%. For these small solid-state lasers the high gain of Nd:YAG resulted in higher extraction efficiency than in the Nd:glass lasers and permitted a higher repetition rate and Q-switched operation. By building larger arrays or using several arrays one could scale these devices to larger area and volume and higher gain and average power. The design of single-transverse-mode, diode-pumped lasers using the high gain and repetition rates possible in Nd:YAG slabs or the large energy storage and large sizes of Nd:glass slabs will then be possible, and diode arrays will offer an attractive alternative to flash lamps for high-power solid-state laser pumping.
